Human bone marrow cells were depleted of B lymphocytes to enrich for precursor B cells that could be transformed with Epstein-Barr virus. Transformed immunoglobulin-negative precursors either maintained their immunoglobulin genes in the germ-line configuration or had undergone DJ or abortive VDJ rearrangements (V, D, and J represent variable, diversity, and joining gene segments). All cell lines and their derivative clones, even those with no detectable immunoglobulin gene rearrangements, generated subpopulations of cells that produced high levels ofjoining (J) chain when analyzed by immunoprecipitation after biosynthetic labeling and by blot hybridization of cytoplasmic RNA. Morphologic and immunofluorescence analyses revealed that J-chain production was confined to clonal progeny that had exited the cell cycle to undergo plasma-cell differentiation. Analysis of cell surface antigens revealed expression of several B-cell maturational markers, including complement receptor ype 2 (CR2) and plasma cell antigen 1 (PCA-1). Epstein-Barr virus can thus transform B-cell progenitors, allowing them to proliferate and undergo terminal B-cell differentiation coupled with J-chain expression. These events appear to occur independently of the immunoglobulin gene status of the transformed cells.
During differentiation along the B-cell pathway, a lymphoid stem cell undergoes a series of somatic rearrangements of germ-line immunoglobulin gene segments to generate functional immunoglobulin heavy (H)-and light (L)-chain genes. The initial rearrangement brings together diversity (D) and joining (J) gene segments in the H-chain locus on both chromosomes, and this is followed by joining of a variable (V) gene segment to DJ. VL to JL joining may take place subsequently in the L-chain loci (1) .
These initial gene rearrangements to generate H-and L-chain genes occur in bone marrow pre-B cells and result in the emergence of the primary antigen-reactive cells of the B lineage, the surface-IgM-positive (sIgM+) B lymphocytes, which are then seeded to the peripheral lymphoid tissues (2) . These cells are small and have a high nucleus/cytoplasm ratio, and their scant cytoplasm is nearly devoid of organelles. Stimulation with antigen can result in their activation and differentiation into plasma cells with abundant cytoplasm containing a well-developed Golgi apparatus and rough endoplasmic reticulum. This morphological maturation is paralleled by a shift from production of the membrane form of immunoglobulin to the secreted form (3) . Large amounts of immunoglobulin are then secreted by the terminally differentiated plasma cells. The expression of joining (J) chain, a 15-kDa protein involved in the assembly of polymeric immunoglobulin, is increased as a function of plasma-cell maturation (4, 5) .
The molecular details of this scheme of mammalian B-cell development have been deduced largely from studies of transformed mouse cell lines. To 
MATERIALS AND METHODS
EBV Transformation of Early Pre-B Cells. Bone marrow specimens were obtained with parental consent from five boys (ages 2-11 years) with X chromosome-linked agammaglobulinemia (XLA) and from four fetuses (14) (15) (16) (8, 9) . EBV-transformed cells were subcloned by limiting dilution (9) .
Immunofluorescence Analysis of Cells. Fixed smears of EBV-transformed cells were examined for J-chain expression by two-color immunofluorescence (10) using polyclonal antibodies (11) 3.5% for 57 XLA cultures). By immunofluorescence, the intensity of J-chain staining in these Ig-cells was much brighter than that observed for EBV-transformed cells expressing only ,u chains or both ,u and L chains.
Five Ig-"null" cell clones were obtained from 6-to 12-month-old bulk cultures of two fetal marrow samples (I-B37, 111-1.54, III-3.65, and III-11.57 clones) and one XLA marrow sample (S-22 clone) and were\ analyzed further. The doubling time of the null cell clones ranged from 40 to 60 hr, a relatively slow growth rate. Even after subcloning, a limited subpopulation (8-22%) of cells within each of the clones expressed cytoplasmic J chains ( Table 1) .
The morphology of the cells in these lines and subclones differed from that characteristic of normal or leukemic pre-B cells; a spectrum of cell types ranging from lymphoblastoid to plasmacytoid morphology was seen in each clone. J chains were expressed strongly in the cytoplasm of cells with plasmacytoid morphology but weakly, if at all, by cells with lymphoblastoid morphology within the clone (Fig. 1) . Moreover, in two cell lines examined by electron microscopy and immunofluorescence, the proportion of J+ cells correlated closely (± 3%) with the proportion of cells having fully developed rough endoplasmic reticulum characteristic of cells with plasmacytoid features (Fig. 1) (Fig. 4) or with Bgl II (data not shown). These results suggested that the I-B37 clone had not undergone JH rearrangements. In humans, however, the most 3' D gene segment, DQ52, is located within the JH gene cluster, -90 base pairs to the 5' side of the first functional J gene segment, JHl (14) . Thus, a DQ52-JH, recombination would not alter the size of the HindIII, BamHI, and EcoRI germline fragments sufficiently to be detected. Double digests with Sma I, which cuts between DQ52 and JH, (14) , and Bgl II were therefore performed, as the resultant JH-containing fragments are small enough to allow DQ52-JHl rearrangements to be detected. In such a digestion, three JH- _0. - 
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.f containing fragments, of approximately 1.4, 0.7 and 0.4 kb, were demonstrated in both the I-B37 clone DNA and the placental DNA; specifically, fragments of A:1 kb, which would be generated by DQ52-JH, rearrangement, were not observed in the I-B37 DNA. These results strongly suggested that the immunoglobulin H-chain genes in this clone were retained in their germ-line configuration. Since the L-chain genes in the I-B37 clone were also in the germ-line context (see below), these results were consistent with the report (27) that EBV could transform precursor B cells in fetal liver prior to immunoglobulin gene rearrangement.
In the other null cell clones, JH gene rearrangements occurred at either one allele (clone III-1.54) or both (clones III-3.65, III-11.57 and S-22) as determined by HindIII (Fig.   4 ) or BamHI digestion (data not shown). Both JH and Cl, probes gave the same hybridization results in BamHI digests, indicating that no deletion of the C, gene had occurred in any of the null cell clones.
To determine whether these JH gene rearrangements were due to DJ or VDJ recombination, we used a human genomic D probe, D3.15 (28) . In BamHI-digested placental DNA, three major fragments (6.0, 3.7, and 3.2 kb) and a minor fragment of 10.5 kb were detected with the D3.15 probe (Fig.   4 ). The same was true for the I-B37 clone, which had no immunoglobulin gene rearrangements. Among the other four null cell clones with JH rearrangements, three (III-1.54, 111-3.65, and 111-11.57) were also found to contain all of the germ-line D gene fragments, although the 10.5-kb minor band was not easily photographed. In contrast, the S-22 clone exhibited complete deletions of the 3.7-and 3.2-kb fragments accompanied by the appearance of a minor, non-germ-line fragment of =16 kb; the 6.0-kb genomic fragment was not deleted. Similar deletion patterns were observed in an EBV-transformed, ,UK' B-cell clone (JB-11.3) that had JH rearrangements of both alleles (Fig. 4) When the DNAs of tonsillar B and T cells from a single normal individual were analyzed with the D3.15 probe, similar, but incomplete, deletions of 3.7-and 3.2-kb fragments were observed in the B-cell population (Fig. 4) . Again, the 6.0-kb genomic fragment hybridizing with the D3.15 probe was not deleted in the tonsillar B cells, suggesting that it might not be linked to the immunoglobulin H-chain locus. All null cell clones in BamHI digestions exhibited only one 12-kb JK-containing fragment identical in size to that in placental DNA samples (data not shown). HindIII digests also failed to reveal any J'K rearrangements. No rearrangements of the A L-chain locus were detected in the null cell clones, although EcoRI restriction fragment length polymorphisms were observed as previously described (17) . In agreement with previous findings (18) , hybridization of a J-chain probe with EcoRI-digested DNAs from placenta and all null cell clones revealed one major fragment of 8.0 kb and one minor fragment of 4.0 kb, suggesting no J-chain gene rearrangements in these clones.
C,, Gene Transcription. Blot hybridization analysis of total cellular RNA was used to examine the u H-chain mRNA content of the various cell lines (Fig. 3) . EBV-transformed clones with pre-B-cell (III-3.37) or B-cell phenotype (JB-11.3, LAC-I-32) appeared to synthesize predominantly a secretory form (.,u, 2.4 kb) of 1 message, whereas the 697 and 207 pre-B leukemia lines contained message mainly for the membrane form (Aum, 2.7 kb). All of the Ig-clones examined were found to contain RNA that hybridized with the C, probe. The 111-1.54 clone contained a u-chain transcript that was smaller than normal. The III-3.65 and S-22 lines also contained such transcripts, as well as a species of RNA slightly larger than authentic ILm mRNA. These larger transcripts were also observed when poly(A)+ RNA, rather than total RNA, was analyzed (data not shown). (27) . The advantage of the method described here is that by depletion of B cells, one can rescue these progenitors with relative ease, although their growth rates are slower than those of conventional Ig' B-cell lines.
Transformation of the early pre-B cells results in a population of proliferating cells responsible for the persistent growth of the clone. In addition, a significant fraction of the cells exit the cell cycle and differentiate into plasma cells as defined by classical morphological features and expression of a plasma-cell-specific antigen (PCA-1, ref. 24 ). This morphological and physiological maturation indicates that EBV-transformed pre-B cells can undergo all of the genetic events required for terminal plasma-cell differentiation and that this differentiation is independent of the rearrangement status of the immunoglobulin genes. Thus the signals provided by antigen, antigen-presenting cells, and T cells that normally trigger terminal B-cell differentiation can be bypassed by EBV infection of cells from the earliest stages in the B-cell pathway.
A most interesting finding is the expression of J chain observed in the "sterile" (Ig-) plasma cells. Based on intensity of immunofluorescent staining, the level of J-chain expression in the sterile plasma cells is equivalent to that seen in normal plasma cells. The sterile plasma cells appear terminally differentiated and destined to die since, even after subcloning, the frequency of J+ cells did not increase significantly. Interestingly, the sterile plasma cells failed to secrete J chain despite its abundance in cytoplasm.
Studies in both mice and humans indicate that when a resting B cell is activated and induced to undergo differentiation to a plasma cell, the expression of J chain increases dramatically (4, 5, (29) (30) (31) (32) (37) . The larger A RNA species in the III-3.65 and S-22 clones may be sterile ,A RNA components (IAs) that initiate within the immunoglobulin H-chain enhancer in the murine JH-C,, intron and that are especially abundant in B-cell precursors (38, 39 
